This study describes a temporal profile of gene expression from normal human fetal testes and ovaries. Gonads from 34 fetuses between 9 wk and 20 wk of gestation were obtained from the Department of Pathology and the Birth Defects Research Laboratory at the University of Washington. Relative transcript levels were determined using the Affymetrix Human Genome U133A Plus 2.0 arrays. Sex determination occurs in the human gonad at ;6 wk of gestation with development of the testis driven by expression of SRY. In this study, SRY transcript was present and elevated at 9 wk of gestation in the testis but was absent in the ovary. The transcript levels of other testis-specific factors SOX9 and AMH and the steroidogenic genes CYP17A1, CYP11A1, STAR, and HSD17B3 were all significantly higher in the testis. In contrast, transcripts known to be involved in meiosis, including STRA8, SPO11, SYCP3, TEX11, TEX14, and STAG3, showed highest expression in the fetal ovary beginning at Week 12. These gene expression profiles will be a resource for understanding and defining normal gonad development and provide the opportunity to dissect abnormal development.
INTRODUCTION
The development and function of the mammalian gonad have been studied for decades. The genetic control of gonadogenesis has been elucidated predominantly by examining single genes or small groups of genes. Sexual differentiation occurs in the human at around 6 wk of gestation [1] and begins ;11.5 days postcoitum (dpc) in the mouse [2] . The critical role of the Sry gene in mammalian sexual differentiation was demonstrated by a series of classic experiments in the mouse [3] [4] [5] . At roughly the same developmental period, cells undergoing testicular differentiation as marked by Sry expression are also expressing Sox9 [6] . Furthermore, transgenic mice (XX) expressing Sox9 (Tg[Wt1-Sox9]92Asc) develop normal testicular cells [7] , confirming the importance of Sox9 in testicular development. Other genes are also postulated to be involved in the process of sex determination, and these include Wt1 [8] , Sf1 [9] , Lhx9 [10] , Nr0b1 (previously known as Dax1) [11] , Dmrt1 [12] , and Amh [13] . In a recent murine gonadal microarray study [14] , genes known to be involved in sex determination such as Sry and Sox9 were highly expressed in the early male embryonic gonad compared with the female.
After differentiation of the testis, the gonad becomes involved in steroidogenesis, which appears to be gonadotropin independent [15] . In the investigation of global gene expression in the embryonic murine gonad [14] , it was shown that the expression of transcripts encoding steroidogenic enzymes such as Star, Cyp17a1, Cyp11a1, and Hsd17b3 was increased in the latter stages of embryonic testicular development. In contrast, these changes were not present in the embryonic mouse ovary.
It has been long accepted that the ''default'' outcome of fetal gonadal differentiation is formation of the fetal ovary. However, ovarian changes in the fetal gonad are present early [16, 17] , and it is now clear that expression of several genes, including Wnt4 [18] and Foxl2 [19] , is critical to fetal ovarian development. Among the myriad genes known to be involved in early ovarian development and function [20] are Gdf9 [21] , Nobox [22] , Sohlh1, and Lhx8 [23] . The sheer number of genetic events that occur in the early ovary has caused investigators to question the passive nature of fetal ovarian development.
Most studies [24] [25] [26] [27] [28] of the human fetal ovary have centered on events occurring in meiosis I. These studies have focused on the pairing behavior of chromosomes during meiosis I in chromosomally normal and abnormal fetal oocytes. Critical to this process is the synaptonemal complex, a meiosisspecific structure that facilitates synapsis and meiotic recombination. Recently, it has been possible to directly visualize the synaptonemal complex and recombination proteins reliably in the human fetal oocyte [24] [25] [26] [27] . To date, studies [28, 29] have revealed that the temporal appearance of recombination proteins in meiosis seems to be different in meiosis in the human fetal ovary and adult testis.
Genes known to be involved in meiosis are highly expressed in the mouse ovary, including Sycp1, Msh4 and Msh5, and Dmc1 [14] . Other genes associated with meiosis [30, 31] include Spo11 [32, 33] , Stag3 [34] , Sycp3 [35] , Tex11 [36] , and Tex14. Notably, a 100-fold increase of Stra8 was demonstrated in the fetal ovary coincident with the onset of meiosis (14.5 dpc) in the mouse array [14] . Expression of Stra8 is specific to the fetal ovary and the postnatal testis, and its role in mammalian meiosis has initiated further studies [37] [38] [39] [40] of testicular gonadogenesis. Elimination of the gene for murine Stra8 resulted in a developmental block at the level of premeiotic replication and meiosis [41] .
Examination of gene expression in the fetal ovary and testis of the human is critical to our understanding of testicular and ovarian gonadogenesis. Comparison of the human data with other mammalian models may further this understanding. However, access to sufficient and quality human fetal tissue has made it challenging to characterize events such as sex determination, ovarian meiosis, and gonadotropin-independent steroidogenesis in this species. Thus, this study provides a valuable resource by outlining the profiles of gene expression that occur in midgestation in the human ovary and testis.
As the number of unique global expression databases from various species increases, comparisons of conserved gene expression profiles can be made. This comparison will offer insight into novel species differences and generate a higher level of confidence in specific targets of various therapies that will likely be applicable to higher organisms such as humans. The development of the mammalian fetal gonad has been studied for more than half a century, but global molecular examination of this tissue has not been performed, to our knowledge. Examining patterns of gene expression at a genomic level during human fetal gonad development is necessary to better understand the processes that result in either a male or female phenotype, and this data set is certain to provide us with a platform to explore many issues in mammalian gonadal development and function.
MATERIALS AND METHODS

Tissue Collection and RNA Preparation
Gonads from human fetuses between 9 wk and 20 wk of gestation were obtained from the Department of Pathology and the Birth Defects Research Laboratory at the University of Washington. All samples were derived from elective abortions. Fetuses with known or suspected genetic disorders were excluded from consideration. Although karyotypic information was not generally available, we also excluded all cases known to involve chromosome abnormalities. Fetal sexing was done on the basis of morphology, and in all cases the sex assignment was confirmed on the arrays by appearance of known sex-specific markers described herein. All procedures were approved by the University of Washington and Washington State University institutional review boards, and informed consent was obtained from all study participants.
The limited availability of human fetal tissue precludes biological replicates for each time point, and this study attempted to obtain an even distribution of ovary and testis samples across the gestational ages that were available. Tissue was collected into !10 volumes of RNAlater and stored at 2-58C until RNA extraction. Total RNA was extracted from the tissue following the protocol outlined in the Qiagen (Studio City, CA) RNeasy Protect Mini/Midi Kit. The RNA was quantified by NanoDrop spectrophotometry (Thermo Fisher Scientific Inc., Wilmington, DE) and evaluated for quality using the Agilent Technologies (Palo Alto, CA) 2100 Bioanalyzer.
Microarray Processing
Fifty nanograms of total RNA from each of the tissue samples was used to create the target for the microarray using the Ovation Biotin RNA Amplification and Labeling System by NuGEN (San Carlos, CA). The labeled cDNA was fragmented, hybridized to Human Genome U133A Plus 2.0 arrays (Affymetrix, Santa Clara, CA), and stained in accord with the manufacturer's standard protocol. The arrays were washed using the Affymetrix GeneChip Fluidics Station 400 and scanned using a GeneArray Scanner 2500A (Agilent Technologies). All reactions and microarray hybridization procedures were performed in the Laboratory for Biotechnology and Bioanalysis I at Washington State University as described previously for murine studies [14] .
Quantitative RT-PCR
A two-step real-time RT-PCR was utilized to measure the expression of STRA8 [38] [39] [40] . Each RNA sample was analyzed in triplicate. STRA8 primers amplify a 126-base pair (bp) product (5 0 -CCTCAAAGTGGCAGGTTCTGAA-3 0 and 5 0 -TCCTCTAAGCTGCTTGCATGC-3 0 ); control ACTB primers amplify a 70-bp product (5 0 -GCGAGAAGATGACCCAGATCA-3 0 and 5 0 -CACAGCCTGGATAGCAACGTAC-3 0 ). Expression of STRA8 was normalized to ACTB expression. A baseline expression level was determined by calculating the mean expression level (values are mean 6 SD throughout) of the testis samples across the time course (10.37 6 0.73; n ¼ 6). The expression level of each ovary sample (n ¼ 8) was then calculated relative to this baseline.
Data Analysis
Analysis of data was conducted within the R statistical computing environment (www.R-project.org). Visual inspection of 49 scanned images and output from the ''affyQCreport'' package of BioConductor (www. bioconductor.org) revealed that 34 of 49 arrays were within acceptable limits. The 15 arrays that were unacceptable had significant degradation as determined by poor 3 0 /5 0 ratios of affy control probe sets present on each array. For the remaining 34 arrays, probe sets were filtered on the following: probe sets not classified as present in any array were eliminated, and two separate normalizations of the data (MAS5 and RMA) were then performed. The background intensity values for each normalization routine were determined using probe sets labeled absent in all microarrays, and only those probe sets above the 99th percentile of the background were retained for further analysis.
To determine differential expression, pairwise comparisons were performed using the limma package of BioConductor. Significance was set at a ¼ .05 with a Benjamini and Hochberg correction for a false discovery rate. Differential expression of a given probe was determined using only the RMA normalized data set after application of the previously described filters. For the array data, raw microarray data (CEL files) were imported into the statistical computing environment R using the BioConductor package affy, checked for quality, and subsequently preprocessed using the RMA algorithm from the affy package. In addition to R, GeneSpring (www.agilent.com/chem/genespring) software was utilized to facilitate the study of this large data set. Pathway and annotated cluster analysis was performed by using the functional annotation tools of DAVID Bioinformatics Resources (http://david.abcc.ncifcrf.gov) [42] . Probe identifications ascertained in the microarray analysis as belonging to either pattern one or pattern two in one or both tissues were uploaded to DAVID Bioinformatics Resources, and their biological process annotation was defined by using the functional annotation tools. Only biological process gene ontology (GO) terms defined as significantly overrepresented by DAVID Bioinformatics Resources were included for further analysis.
Data from the RT-PCR studies were analyzed first using paired t-test to determine whether ovarian STRA8 within each gestational age differed in ovarian and testicular samples. ANOVA was used to determine the influence of gestational age on ovarian STRA8 expression. Post hoc analysis of the significant effect of gestational age in the ovarian samples was completed using Tukey test.
RESULTS
The data from 34 samples (17 ovary samples and 17 testis samples) that passed quality control parameters can be accessed through the National Center for Biotechnology Information via the Gene Expression Omnibus data repository (http://www. ncbi.nih.gov/geo/) accession numbers GSM387005-GSM387038. Each time point was represented by one sample except in the ovary, where there were three samples at 9.6 wk, two samples at 13.6 wk, and two samples at 16.9 wk. In the testis, there were two samples at 11 wk, two samples at 13.9 wk, and two samples at 16.1 wk. The average raw signal was used in the figures herein.
The Human Genome U133A Plus 2.0 array represents 54 613 probe sets. One approach to deal with a data set this large is to determine if there are any patterns of expression visible across the time course in each tissue. To accomplish this, a K-means clustering analysis was performed within GeneSpring. Next, it was important to examine the individual transcripts within those expression patterns and to determine which genes were significantly and differentially expressed. The definition used to meet the criterion of being ''differentially expressed'' was that the raw signal was !50 for at least one time point, the transcript level was increased or decreased at least 2-fold during the time course, and the changes were statistically significant (P , 0.05). Two similar patterns of expression were observed in each tissue (Figs. 1 and 2 ). Pattern one represents probe sets that were present at an elevated level at 9 wk of gestation and then decreased at least 2-fold throughout the remainder of the time course (Fig. 1, A-C) . In the ovary, 139 probe sets exhibited this pattern of expression (Fig. 1A) . In the testis, 116 probe sets exhibited a similar pattern (Fig. 1B) . Of all the probe sets in pattern one, 17 were expressed in both the ovary and testis (Fig. 1C) .
Analysis of the probe sets using DAVID Bioinformatics Resources was performed. Of 139 probe sets representing GENE EXPRESSION IN THE FETAL GONAD pattern one in the ovary, 92 probe sets were associated with significantly overrepresented GO terms in a biological process. The majority of these ovarian transcripts had functions associated with development (n ¼ 44) and cell communication (n ¼ 38). Of 116 probe sets representing pattern one in the testis, 76 were associated with significantly overrepresented GO terms in a biological process. The majority of these testicular transcripts had functions associated with a developmental process (n ¼ 25) and localization (n ¼ 25), specifically transport (n ¼ 21). Of 17 probe sets shared between the two tissues, 15 probe sets were associated with significantly overrepresented GO terms, with the most common process being multicellular organismal development (n ¼ 6).
A second expression pattern was evident from the clustering analysis. This pattern depicted probe sets that had low levels of expression early in the developmental time course and then increased significantly (Fig. 2, A-C) . In the fetal ovary, 146 probe sets were present at low levels at 9.1-11 wk of gestation; after 12 wk, they increased at least 2-fold and were elevated for the remainder of the time course (Fig. 2A) . Analysis of these probe sets with DAVID Bioinformatics Resources revealed that the majority of these genes fell into the following four categories of function: biopolymer metabolic process (n ¼ 39), including RNA biosynthetic processing; transcription (n ¼ 22); reproduction (n ¼ 14), specifically gamete generation; and cell cycle processes (n ¼ 14) such as meiosis.
FIG. 1.
Probe sets with at least 2-fold increase in signal intensity from 9 to 11 wk of gestation to 12 to 18 wk of gestation. These changes were statistically significant (P , 0.05). This pattern was observed in 139 ovary probe sets (A) and in 116 testis probe sets (B). C) There were 17 probe sets that shared this pattern of expression in both the ovary and testis. The vertical axis represents normalized intensity, and the horizontal axis represents weeks of gestation.
FIG. 2.
Probe sets with at least 2-fold increase in signal intensity from 9 to 11 wk of gestation to 12 to 18 wk of gestation. These changes were statistically significant (P , 0.05). This pattern was seen in 146 ovary probe sets (A) and in 36 testis probe sets (B). C) There were five probe sets that shared this pattern of expression in both the ovary and testis. The vertical axis represents normalized intensity, and the horizontal axis represents weeks of gestation.
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In the testis, 36 probe sets were expressed at a low level at 9 wk and then increased at least 2-fold after 12 wk (Fig. 2B) . Twenty-one probes were associated with significantly overrepresented GO terms, most commonly a biosynthetic process (six probes) (such as steroidogenesis [three probes]). Of all the probe sets in this ''low to high'' pattern, only five were common to both the ovary and testis (Fig. 2C) . Ontological analysis of these shared probe sets revealed functions associated with protein modification, development, and DNA metabolic processes. All GO output data, including descriptions of GO terms and pathways and P values in addition to complete lists of probe sets shown in Figures 1, 2, 4 , and 5, are available on the Griswold Lab Microarray Data Site (http:// www.wsu.edu/;griswold/microarray/). Contact information is provided on the site, and inquiries about all of the Griswold array data are welcome.
Known Biological Processes and Sex-Specific Expression
This study outlines the human fetal gonadal transcriptome during midgestation (;9-20 wk). A number of known biological processes had either already occurred (sex determination at 6 wk) and were over, were about to begin (meiosis in the ovary at 11-12 wk), or began at sex determination and were still ongoing (organogenesis and steroidogenesis in the testis). The expression profiles of a few tissue-specific transcripts known to be involved in these processes and present on the human array are shown in Figures 4 and 5 . Although sex determination was initiated ;4 wk before the earliest time points in this study, the transcript level for SRY was still elevated in the testis at 9 wk (raw signal 123) before dropping to low levels by Week 11 (raw signal 48) (Fig. 4) . SRY transcript levels were negligible in the ovary (raw signal 6). SOX9 transcript was ;27-fold higher in the testis than the ovary and maintained a high level throughout testis development. Upon sex determination, the fetal testis begins producing antimüllerian hormone (AMH) and androgen. The transcript for AMH and a number of transcripts involved in steroidogenesis (CYP17A1, CYP11A1, STAR, and HSD17B3) were observed to be elevated in the testis throughout the time course (Fig. 4) .
Meiosis is initiated at 11-12 wk in the human ovary, and STRA8 is expected to be a marker for the initiation of the meiotic program. Unfortunately, STRA8 is not present on the human array used in this study. Therefore, to identify the initiation of meiosis, STRA8 transcript levels were measured by quantitative RT-PCR in a number of fetal ovarian and testicular samples (Fig. 3) . At all time points, STRA8 was expressed at a significantly higher level in the ovary (P , 0.01). Furthermore, ovarian gene expression varied significantly over the gestational period examined. STRA8 transcript levels were low in early gestation (9.1 wk and 11 wk) in the human ovary, but by 12 wk of gestation, STRA8 transcript was expressed at a level exceeding 50 times the expression in early gestation. This expression remained elevated during the remainder of the gestational period examined (P , 0.01). In addition to STRA8, a large number of transcripts related to meiosis (SPO11, SYCP3, STAG3, TEX11, and TEX14) were elevated after 12 wk in the ovary and remained elevated for the remainder of the period. These transcripts were expressed at significantly lower levels in the fetal testis (Figs. 3 and 5) .
DISCUSSION
The genetic control of mammalian gonadal development and sex determination continues to be extensively studied [43] . Global gene expression studies [14, [44] [45] [46] via microarray analysis have a critical role in furthering our understanding of gonadal function before and after birth. To our knowledge, this study represents the first report of global gene expression in the human fetal ovary and testis.
Two major patterns of expression were evident in the fetal ovary and testis. Several probe sets that were elevated early in the time course (;9 wk) and then over the next few weeks dropped to low levels and remained at low levels throughout the remainder of the time course. Ontological classification of the transcripts in both tissues pointed toward involvement in cell differentiation and structure, which is not surprising because this period is just after sex determination and the gonads are rapidly increasing in size and changing morphology.
A second pattern of expression emerged showing probe sets that were low at Week 9 and increased significantly at Week 12 and remained high. This group was composed of transcripts that, in contrast to the first pattern, were tissue specific and were associated with known biological processes. Many of the ovarian transcripts were strongly associated with meiosis and related processes. A similar pattern was seen with the STRA8 expression profile (i.e., minimal ovarian expression until Week 12 and later). As expected, transcripts involved in meiosis were not expressed in the fetal testis.
The second pattern of expression in the testis showed many of the probe sets to be involved in steroidogenesis. It is to be expected that the testis in midgestation is involved in steroidogenesis. This classification was further supported by independently examining the expression profiles of several transcripts known to be involved in steroidogenesis and by noting a similar elevated expression during the same period. Thus, the same biological process and the time frame of activity were identified by the following two independent approaches: 1) clustering and pattern analysis, followed by ontology analysis, and 2) plotting expression profiles of specific transcripts known to be involved in biological processes. With these results, it becomes fairly easy to overlay the timing of events occurring within the human fetal gonads with the murine model (Fig. 6) . With the generation of global gene expression data sets comes the immediate desire to perform direct comparisons between species. Unfortunately, these comparisons are limited because of chip design, annotation, and availability. For example, although the Murine 430 2.0 affy array harbors 45 037 transcripts and the Human Genome U133A Plus 2.0 array represents 54 613 transcripts, only ;24 181 transcripts are present on both chips. We were able to present a limited comparison of a few selected genes and common biological processes, but the lack of a more complete overlap between the mouse and human chips made a comprehensive comparison impossible (http://www.wsu.edu/ ;griswold/microarray/).
The creation and availability of global gene expression data sets are becoming more and more common. Improvements in technology have alleviated the need for the copious amount of RNA that was originally required to complete such a study. Instead, obtaining access and availability to the actual organism providing the tissue may now be one of the most limiting factors. The tissue used in this study was made available as it was collected in a clinical setting. As such, the time course of this study was driven by what was available, making it impossible to obtain the biological ''duplicates'' and ''triplicates'' that would normally constitute the sample set. The lack of biological replicates for all samples, in addition to the innate biological variation observed with higher mammals such as humans, ultimately leads to a data set that requires an analysis of trends of gene expression over time rather than the drawing of conclusions from one or two time points. Early array data were typically confirmed using RT-PCR of select transcripts. However, with advances in array procedures and chip design, close scrutiny of the countless public databases by independent researchers has revealed these data to be extremely representative and in agreement with RT-PCR. Although these data have proven to be dependable, investigators who choose to utilize these data need to assume responsibility for additional work.
The availability of a time course to monitor global gene expression during the development of the embryonic testis and ovary is an important step in understanding the molecular and physiological changes necessary to elicit two distinct and normal reproductive tissues. Analysis of the human time course and comparison with the mouse database produced both confirmation and elaboration of previously known events occurring during embryonic gonad development, including sex determination, meiosis in the ovary, and steroidogenesis in the testis. Depicted are sex determination in the male and female (blue or pink), meiosis in the female (pink), and steroidogenesis in the male (blue). Transcripts previously reported to be involved in each process and also found in this study are included.
442
HOUMARD ET AL.
